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INTRODUCTION IMPORTANCE OF STREAM TEMPERATURES
In the field of water-quality control, temperature is recognized as one of the most important physical characteristics of water. Water temperatures have a direct influence on fish and other aquatic life, chemical and biological reactions, water treatment, toxicity of contaminants, taste, odor and general quality of domestic water, and industrial and agricultural water uses.
Increases in water temperatures affect fish by increasing their metabolic rates and oxygen requirements, increasing their sensitivity to toxic materials, and reducing swimming speeds (Burrows, 1963, p. 29-35) .
The effects that temperatures have on concentrations of dissolved oxygen and rates of biochemical oxygen demand and on aquatic life are well documented (Wurtz and Renn, 1965) and must be considered in any program of water-quality control.
For domestic water treated before consumption, the flocculation and sedimentation rates increase with temperature increase, and the effects of chlorine on bacteria are greater at higher water temperatures (McKinney, 1962) . Water is usually considered satisfactory for drinking when it is at or below 10°C (Celsius) or 50°F, but when it is at temperatures above 18.5°C (65°F), noticeable tastes and odors may occur. However, pathogens survive longer at lower temperatures (Everts, 1963) .
Agriculturists prefer water above 15.5°C (60°F) for irrigation; return irrigation flows usually increase temperatures in receiving streams.
Thermal stratification in water impoundments on streams will modify the natural water temperature and oxygen concentration in the waters downstream from the impoundments. In turn, this affects the aquatic life, as does heat in water used for industrialand powerplant-cooling purposes (Arnold, 1962) .
More knowledge of the effect of water uses and watershed activity is needed to establish reasonable objectives and practical procedures to adjust and control water temperatures.
PREVIOUS TEMPERATURE STUDIES
Results of regional stream-temperature investigations generally have been presented in one of the following ways: (1) basic data listing maximum and minimum daily recorded temperatures, daily observed temperatures, and (or) irregularly measured temperatures (U.S. Geol. Survey, 1947-67; Aagaard, 1969; Moore, 1964) ; (2) basic-data listing, supplemented by results from regression relations among thermograph data, daily observations, and (or) irregular observations of stream temperatures and, in some cases, air temperatures these regression relations were used to fill gaps in the record (Moore, 1969; Nece, 1968) ; and (3) by energybudget equations and model-study results (Delay and others, 1964) . Moore (1969) published downstream water-temperature profiles of selected reaches of rivers in the Columbia River basin, to show the effects of dams and tributary inflow on the temperature of water in the main stem of the Columbia River.
Measurements of stream temperatures made at irregular intervals are the most basic method of collecting these data. Measurements are made at a site on a stream by the use of a thermometer or other type of noncontinuous recording device, usually at the time streamflow measurements are obtained by personnel of the Geological Survey. These temperature data are generally collected from 6 to 15 times a year.
More complete data can be obtained by hiring an observer to measure water temperatures at a preestablished frequency. Observation frequency may be hourly, bihourly, twice daily, daily, weekly, monthly, or at some other set time interval.
A third type of temperature-data collection is the placement of a maximum-minimum self-registering thermometer in the stream and the recording of the highest and lowest stream temperatures for the period between visits to that site.
A thermograph is the most complete and adequate type of watertemperature data-collection device. This instrument continuously records the temperature of the water at a selected site. Maximum, minimum, and mean daily temperatures are readily obtained from a thermograph record.
The analyses of stream temperatures in Washington were made from data from the 307 temperature-collecting sites shown in figure 1. Data which were only seasonal, or had fewer than eight temporally well-spaced observations a year, were not used in the analysis. Unnatural data, such as data collected downstream from a point of thermal discharge or below an impoundment which may contain thermally stratified water, were not used for the regression analyses. Anomalous data, from naturally occurring thermal springs which would not be characteristic of most stream temperatures of a basin, were not included ; nor were data not representative of that basin or stream because of the sampling location on the stream or in the channel cross section. However, some controlled and unnatural stream-temperature data were used in this report in other analyses and evaluations.
For a determination of the characteristics of the cyclic nature of Washington stream temperatures, to index the temperature differences from site to site, the basic data for each site were fitted to a harmonic curve (Collings, 1969) of the form where T is stream temperature, in degrees Celsius (°C), on day d, with d varied from 1 to 366 (January first as day 1) ; M is the mean annual water temperature, in °C ; A is the annual amplitude of the stream-temperature curve, in °C ; and C is the phase coefficient of the cycle, in radians ( fig. 2) .
At stream sites where thermograph records are available, the maximum, mean, and minimum daily stream temperatures for each year were fitted to the harmonic curve. In addition, when the record covered a sufficient period of years, monthly frequency distributions were determined. The monthly temperature frequency curves were assumed, for operational purposes, to be normally distributed. Harmonic curves, which define the 95-percent probability of occurrence of maximum and minimum temperatures (table 1) equaling or less than maximum temperature and exceeding or equaling minimum temperature were derived from data obtained from the frequency distributions (Collings, 1969, p. B178 
TOPOGRAPHIC DATA
Topographic characteristics of the basins, as used in this analysis (tables 9 and 10, end of report), are denned by Benson (1962) and Collings (1971) except for definition of stream orientation which, measured in degrees from true north, is the average direction of flow of the main stem above the site of the water-temperature observation. (see table 5)  1175  1350  1640  1655  1685  1790  1825  2005   14-1100  1130  2205  2225  _  2235  2325  2335 (see table 3)   2355  2380 (see table 3)  2425  2430 (see table 3 
CLIMATIC DATA
Normal air-temperature data from 79 climatic stations in Washington (U.S. Environmental Science Services Administration, 1967) were used to determine the cyclic characteristics of the normal air temperatures by means of fitting the data from each site to a harmonic curve. These characteristics of air temperatures (tables 9 and 10) were plotted on State maps, and lines were drawn of equal annual air-temperature amplitude (isallotherms; fig. 4 ), mean annual air temperature (isotherms; fig. 5 ), and the phase coefficient of the air temperature. The air-temperature amplitudes and mean annual air temperatures used in the regression analyses were obtained from these maps. The phase coefficient of air temperature was found to be not a significant factor for an estimate of stream temperatures, and therefore was omitted as a variable from tables 9 and 10.
The mean monthly air temperatures for western Washington only were plotted on State maps, and isotherms were drawn. Figures 6 and 7 show the mean monthly isotherms for January and February, and August and October, respectively. The mean monthly air temperatures at each stream-temperature thermograph station were determined from these mean monthly isotherm maps. January (2\), February (T2 ), August (T8 ), and October (T10 ) were the only months in which air temperatures improved the regression analysis of monthly standard deviations of stream temperatures, and therefore are the only months for which data are listed in table 8.
ANALYTICAL PROCEDURES MULTIPLE-REGRESSION ANALYSIS
A statistical multiple-regression analysis was used to develop separately, for each stream-temperature characteristic, the relation between that characteristic (dependent variable) and the topographic and climatic-basin characteristics (independent variables). With the multiple-regresison techniques an equation is computed which defines relations between a dependent variable and the independent variables. Also provided is a measure of the usefulness of each independent variable to define the dependent variable and a measure of the accuracy of the resultant equation (standard error of estimate).
The standard error of estimate is a measure of how well an equation defines a dependent variable. The standard error encompasses about two-thirds of the dependent-variable site values used to determine the equation; doubling the standard error of estimate will encompass about 95 percent of the dependent-variable site values.
The usefulness of each independent variable is determined by the (1) intercorrelation coefficients in this report if the intercorrelation coefficient between independent variables was greater than 0.5 (1.0 being perfect), one of the independent variables was omitted and the regression analysis recomputed; (2) statistical significance of the independent variable in relation to the dependent variable all variables were tested at the 95-percent probabilityof-effectiveness level; (3) variance-covariance coefficients, which allow computation of simple regressions and standard errors of estimate between any two independent variables or between a dependent and any one independent variable; and (4) amount by which the standard error of estimate was reduced when an independent variable was added to the regression equation. '" Multiple-regression models are based on the linearity of the relation between the dependent variable and independent variables. In many hydrologic studies (Benson, 1962; Thomas and Benson, 1969; and Collings, 1971) , findings showed that generally the variables were logarithmically linear. To satisfy the requisite of linearity, all data were transformed into logarithms (logs) and the calculations for the regression analysis were performed. In addition to the transformed model, analysis was performed on untransformed or natural data. The standard error of estimate, tests of significance, correlation coefficients, and variance-covariance relations were used as guides; thus, the multiple-regression analysis was performed several times with various combinations of transformed and untransformed variables until the most effective semilog regression equation was determined for each of the stream-temperature characteristics.
Standard deviations of monthly mean stream temperatures for long-term thermograph stations were also subjected to multipleregression analysis (table 2) . This allows the determination of the standard deviation of the mean monthly stream temperatures at any site on any stream in western Washington; thus, confidenceinterval curves can be determined for the mean stream-temperature harmonic.
RESIDUALS AND SUBDIVISION OF THE STATE
After a determination was made of the most effective transformed and untransformed independent variables related to each stream-temperature characteristic, the regression analysis of all data in the State was performed and the residual for each site was calculated. A residual, in essence, is the difference between the value of the dependent variable computed from the regression equation and the original data value of that variable. (Where the logarithms of the data are used, the residual is the logarithm of the ratio of these values.) The residuals from the statewide regression model, for each stream-temperature characteristic at each data site, were plotted on State maps to determine if they were truly random areally or whether trends or areas with similar high or low residuals exist. The plots (not included on the maps) indicated several groupings that possibly could be used to define subdivisions.
Generally, the areas where residuals indicated subdivisions were western, eastern, and southeastern Washington. However, the quantity of data for southeastern Washington was not large enough to determine a reliable regression model if that area were used as a subdivision. Therefore, the State was divided at the crest of the Cascade Range into eastern and western Washington, with southeastern Washington included as part of eastern Washington. Data for all the temperature sites in the State were divided on this basis, and multiple-regression analyses were performed separately for each part. 
RESULTS
B15
The equations and standard errors of estimate resulting from the multiple-regression analysis of the stream-temperature characteristics are shown in table 2.
Of the 24 topographic and climatic characteristics tested, both as log values and as natural values, only 15 were found effective to determine the equation for one or more of the 15 stream-temperature characteristics. The most significant independent variables were channel slope (F) and drainage area (D). Each was found to be statistically significant in seven of the relations in table 2. The next most significant independent variables were mean basin altitude (E) and a function of air temperature (TJ, each found in six of the relations. The phase coefficient of air temperature and eight of the 12 mean monthly air temperatures were found to be not effective parameters and were omitted from the final analysis. .89 (-5) .16 2 -0.83 Mean = 9.36-1.12(10-3 ) (754) +1.08(log 41.4) -6.12(1Q-5 ) (2400). The values of E, D, and S could be determined (from topographic maps) for any site on any stream in western Washington and used in the equation.
The log 41.4 = 1.617 and the equation reduces to: Mean = 10.1°C. For comparison, the mean annual temperature, determined from the observed data, for station 12-0115 is 10.2°C (table 7) . Similarly, values for amplitude (A) and phase coefficient (C) may be determined from the equations in table 2. Mean annual discharge, the variable used to determine C at a site where no streamflow gaging station exists, may be determined by the methods reported in a study by Collings (1971, p. 14-15) .
When these three temperature characteristics are calculated, a temperaure hydrograph (similar to that in fig. 2 and would occur on the (3/2)7r-C d= = 30th day, 0.0172 or January 30.
Confidence intervals about the mean-stream-temperature harmonic curve can only be determined for stream-temperature sites in western Washington. Confidence intervals derived from a generalization of the standard deviation of monthly temperatures for eastern Washington would have poor reliability because of the small number of thermograph stations. The confidence intervals about a mean harmonic curve for a western Washington temperature site are determined as follows : 1. Compute the monthly SD values by using the regression constants and coefficients for the monthly SD's ( (Hald, 1952) for example, the 95-and 5-percent probabilities give a 90-percent interval that is about ±1.64 standard deviation's wide. 4. Compute the confidence interval about the mean monthly streamtemperature by multiplying the standard deviation interval (±1.64) by each month's SD and adding and subtracting this value from the mean value for that month.
The values from step 4 may be plotted above and below the mean harmonic curve to form the confidence interval for that curve.
EVALUATION OF RESULTS
Statistical evaluations were the basis for including or omitting a topographic or climatic variable from the empirical relations defined by the regression analyses. The physical reasons for a variable or variables defining a stream-temperature characteristic can be postulated only from a train of deductive reasoning, which in some cases may be extremely tenuous. Thus, the regression equations do not define the causes of the areal variations in streamtemperature characteristics. Nevertheless, they do define the basin or climatic characteristic, or group of characteristics, which give a numerical evaluation of the stream-temperature characteristic at a site where previously no stream-temperature information was available.
Mean annual streamflow was found to be a significant independent variable in several of the regression relations (table 2) .
However, because of high intracorrelation with other independent variables especially drainage area mean annual streamflow was omitted from most of the equations. In the equations (table 2) mean annual streamflow is defined in units of inches of water and is obtained by division of the total runoff by the drainage area. It was found to be a more effective variable in the equations in this form and had lower intracorrelation coefficients with other independent variables (0.4 or less in all cases). Mean annual streamflow at sites where no streamflow records are available may be determined by use of the method described by Collings (1971, p. 14-15) .
The standard errors of estimate of the equations to determine the confidence intervals about the mean-stream-temperature curves are shown in table 2. However, after computation and application to the mean curve, one finds the confidence intervals are subject to somewhat greater errors. This is because they include (1) the standard error of estimate of the equations for monthly standard deviation (table 2), (2) the determination of mean monthly values from the harmonic curve, and (3) possible undefined variations resulting from the assumptions made when the curves for monthly frequency distribution are derived. Generally, the total error involved in computation of the confidence intervals for the mean-stream-temperature harmonic curve could be as great as the sum of the errors for each of the curves used in the determination.
Standard error of estimate is a measure of the accuracy of the multiple-regression equations (table 2). It shows how well a stream-temperature characteristic is defined by the topographic and (or) climatic characteristics. Figure 8 shows graphically how well each of the stream-temperature characteristics was defined at the mean value of that characteristic. The standard error of estimate for each of the defining relations is shown in table 2. The graph ( fig. 8) shows that error, expressed as a percentage, is obtained by dividing the standard error of estimate by the mean value of the respective stream-temperature characteristic. Figure  8 shows only comparisons between the precision of definition of stream-temperature characteristics for each part of the State and is not a measure of the accuracy of the total range of the variables. For example, the percentage ratio of the stream-temperature characteristic may be larger for low values and smaller for higher values.
Undoubtedly stream-temperature studies in the future could improve the generalized equations defined in this report, because (1) more and longer records of stream temperatures, especially thermograph data, will be available for better areal and temporal definition, (2) new and updated topographic maps will be available to define and improve definition of the topographic basin characteristics, (3) more and longer climatic records will become available, and (4) other types of parameters and indices may possibly be defined as significant independent variables related to stream temperatures. Examples of additional parameters that might prove significant include stream-channel indices at the temperature observation site, wind velocity, cloud cover, subsurface inflow, chemical character and suspended sediment, basin geology, temperature of surrounding landmasses, and shading from vegetation or landmasses.
EFFECTS OF WATER IMPOUNDMENT ON STREAM TEMPERATURES: EXAMPLES
The effects of water impoundment on stream temperatures below an impoundment are not consistent and vary from stream to stream and dam to dam. An impoundment's effect on downstream water temperatures depends on many factors, including the size and shape of the impoundment, elevation of the release water, holding time of the water, other physical characteristics and turbidity of the water, velocities of currents within the impounded water, altitude of the impoundment's surface, and volume of water released as compared to the natural discharge of the river.
The effects of holding reservoirs on downstream water temperatures can be evaluated by use of harmonic curves of the probable maximum and minimum temperatures. Following are examples of procedures used to evaluate the effects of impoundments on downstream water temperatures.
EXAMPLE 1: EFFECTS OF A HYDROELECTRIC POWER DAM
In this example two sites below Mayfield Dam, on the Cowlitz River, are evaluated to determine the effect of a hydroelectric power dam on stream temperatures. The dam, located at Cowlitz River mile 52.0, has been in operation since 1962. Thermograph records at sites 1.4 and 34.7 miles downstream from the dam were evaluated for the 1951-68 period. The upstream site is 14-2380, Cowlitz River below Mayfield Dam ("near Mayfield" before dam construction), and the lower station is 14-2430, Cowlitz River at Castle Rock. The periods evaluated at both stations were 1951-61 before dam construction, and 1962-68 after dam construction. A third site (14-2335, Cowlitz River near Kosmos), located 4.2 river miles upstream from Mayfield Dam and unaffected by the impoundment of water, was also evaluated for these periods before and after existence of the reservoir. The Cowlitz River near Kosmos was used as a "background" evaluation, to determine if a significant natural stream-temperature trend exists for the period investigated. The probable temperature curves for the Kosmos gage before and after impoundment (table 3) were not found to be significantly different. This finding lends validity to the assumption that any changes occurring in the river temperatures below the dam after dam construction and use would be caused by the effect of the dam and its impoundment.
At each of the thermograph sites, frequency distributions were computed for maximum, mean, and minimum stream temperatures. These distributions were used to determine the 95-percent probabilities of being equal to or less than the maximum temperatures and of equaling or exceeding the minimum temperatures, for both natural and impounded conditions. The probable stream temperatures were fitted by harmonic curves; the characteristics of the curves are listed in table 3. The sets of curves for each site define a 90-percent confidence interval for stream temperatures for each condition. (This means that 95 percent of the time maximum 1 Curves derived from characteristics on this line are shown in figure 9.
temperatures will be on or below the upper confidence curve, and 95 percent of the time minimum temperatures will be on or above the lower confidence curve.) The effect of the impoundment, at each of the sites below the dam as well as from site to site ( fig. 9 ), then could be evaluated by comparison of the natural stream temperatures with the stream temperatures after dam completion. The magnitudes and differences of the 95-percent probable minimum lowest (winter), minimum highest (summer) and maximum highest (summer) stream temperatures, and time of occurrence of these temperatures before and after water impoundment behind the dam were computed from winter-minimum temperature difference between sites was not significant ( + 0.1°C), nor was the difference ( + 0.1°C) between sites significant after impoundment. However, as stated above, the lowest minimum temperature at each site was increased by 2.3°C after impoundment. 3. Under natural conditions, the highest 95-percent probable summer-maximum temperature had a downstream increase of +1.9°C between sites, whereas after impoundment the increase was +2.9°C between sites, an increase of +1°C. The effects of the dam on stream temperatures at site 2, Cowlitz River at Castle Rock, are inferred from table 4 as follows: 1. The highest 95-percent probably summer-minimum temperature did not change significantly ( 0.1°C). 2. The lowest 95-percent probable winter-minimum temperature was increased 2.3°C, and it occurs 9 days later. 3. The highest 95-percent probable summer-maximum temperature did not change significantly ( + 0.5°C), nor did the time of occurrence change significantly ( 1 day). An interesting observation is that the time of occurrence of the 95-percent probable summer-maximum peak temperature at site 2 did not change significantly from before to after impoundment (August 2 to August 1, respectively) even though there was a 17-day increase at site 1 (July 28 before and August 13 after). The natural time lag in peak temperature between sites is +5 days (July 28 at site 1 and August 2 at site 2), and the controlled peak temperature at site 1 occurs 12 days later than at site 2 (August 13 at site 1 and August 1 at site 2). 3. The change in the 95-percent probable summer-maximum high temperature is not statistically significant ( 0.6°C). The increase in the summer-minimum temperature, after control, is probably caused by the summer low-flow augmentation (increased volume of streamflow) of water warmed by retention in the reservoir.
SUMMARY AND CONCLUSIONS
Many of the physical, chemical, and biological properties of water are related to temperature. Thus, stream temperatures are important in water-quality control because of their infleunce on the ecosystem of streams.
Regional stream-temperature studies usually list basic data for each site. In some cases generalizations of stream temperatures are made by simple extrapolation or interpolation. In this report, however, multiple-regression techniques were used to determine the topographic and climatic-basin characteristics most effective to explain the site-to-site variations in natural stream temperatures. A procedure was developed to estimate water temperatures at sites where little or no data are now available.
The analyses performed in this study used most of the complete and essentially natural stream-temperature data available for Washington, as well as some temperature data for stream reaches that are subject to thermal modification. The regression results, therefore, are based on the most useful stream-temperature data available and provide a generalized definition of stream temperatures in the State one of the main objectives of this study.
In general, it was found that the multiple-regression technique produces more accurate results in western than in eastern Washington. The mean annual temperature and the annual-temperature amplitude could be estimated with greater accuracy in western Washington. The more accurate definition of these two streamtemperature characteristics in the western part of the State is primarily the result of more data. The prediction of the phase coefficient is slightly less accurate in western Washington than in eastern Washington, probably because in western Washington there are more physiographic differences the coastal lowland, the Olympic Mountains and their rain shadow, the Puget Sound lowlands, the Willapa Hills, and the western slope of the Cascade Range. Such variety results in a diverse climate which produces greater diversity in the phase coefficient. In general the accuracy of definition of the multiple-regression equations for stream temperatures in western Washington, compared to those for eastern Washington, is due to the more humid, milder coastal climate of western Washington, compared to greater "natural variability in the semiarid, continental climate of eastern Washington.
The monthly standard deviation of temperatures for western Washington streams could be determined with more confidence in the winter months than in June and July.
The regression analysis showed that of the 24 topographic and climatic characteristics tested against each of the stream-temperature characteristics, 15 (six of which are a function of air temperatures) were significantly effective to determine one or more of the 15 stream-temperature characteristics. The independent variables found to occur most often as significant parameters ( Data for the topographic and climatic characteristics evaluated in this investigation are not costly to acquire compared to the parameters that may be used to determine, for example, an energy budget. These data for this investigation are obtained from topographic maps, air-temperature isothermal maps (figs. 4, 5, 6, and 7), and from mean annual flow equations determined previously by the author (Collings, 1971, p. 14-15) . In contrast, an energy budget, used to obtain temperature-prediction equations, requires relatively expensive instrumentation to determine incoming solar radiation, effective back radiation, energy losses from evaporation and conduction, and energy advected into the water by tributary streams and precipitation. However, energy-budget studies are much more sophisticated and the results are more comprehensive evaluation of stratification, heat-exchange coefficients, mixing rates, and other physical characteristics of a stream which are concerned with its temperature.
The generalization procedures in this report are valuable for relatively inexpensive feasibility and comparison studies to determine if additional, more intensive, investigations (such as an energy-budget study) are warranted. For example, the generalization procedures could be used for fish-hatchery site-feasibility studies, reconnaissance of downstream water-temperature effects of dams or tributary inflow, and (or) the adequacy of waters for cooling purposes in industrial plants.
Although not a major objective of this report, the statewide analysis has identified areas where basic stream-temperature data are deficient. The residual values of the stream-temperature characteristics generally show that basic temperature data are lacking in the Olympic Peninsula in western Washington and the southeastern and north-central parts of eastern Washington.
The two examples of the evaluation of stream temperatures below water impoundments (tables 3 and 5) show how the natural temperature regime of a river is affected by damming. The investigation of the impoundment by Mayfield Dam on the Cowlitz River showed an increase of probable winter-minimum stream temperatures below the dam, whereas the investigation of the impoundment by Howard A. Hanson Dam on the Green River showed a statistically insignificant decrease in probable winter-minimum stream temperatures below the dam. However, the summer-minimum stream temperature at the Green River site was increased, whereas the change in the summer-minimum temperature of the Cowlitz River at Castle Rock (site 2) was insignificant. The lower site on the Cowlitz River and the site on the Green River are about the same distance downstream from their respective dams. The opposite effects that the impoundments apparently have on minimum stream temperatures of the rivers is attributed to the difference in dam function; Mayfield Dam on the Cowlitz River is used to produce hydroelectric power, while Howard A. Hanson Dam on the Green River is used for flood control and low-flow augmentation. 
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